INTRODUCTION
The mismatch repair (MMR) system has been well studied in prokaryotes, especially in Escherichia coli (1) (2) (3) . Nucleotides misincorporated during DNA replication that escape the proofreading activity of DNA polymerase can be recognized by the MutS protein. Binding of MutS to the mismatch site leads to recruitment of other proteins, including MutL and MutH, and triggers a series of enzymatic reactions resulting in the removal of the misincorporated nucleotides. The MMR system appears more complicated in humans than in E.coli (3) (4) (5) . Multiple homologs of MutS and MutL have been identified and cloned in human. Three important MutS homologs are hMSH2, hMSH6 and hMSH3. hMSH2 can heterodimerize with either hMSH6 or hMSH3, forming two different protein complexes, designated hMutSa or hMutSb, respectively (6) (7) (8) . Several MutL homologs including hMLH1, hPMS1, hPMS2 and hMLH3 have been shown to form heterodimers, such as hMLH1-hPMS2 (hMutLa), hMLH1-hPMS1 (hMutLb) and hMLH1-hMLH3 (9) (10) (11) (12) .
MMR defects have been strongly associated with certain types of cancer, especially hereditary non-polyposis colorectal cancer (HNPCC) and sporadic colorectal cancer (13, 14) . More than 70% of HNPCC patients have been found to have germline mutations in either the hMSH2 or the hMLH1 gene, and a small percentage have defective hPMS2 or hPMS1 gene (15) . More recently, germline mutations of hMSH6 were identified in patients with hereditary colorectal cancer (16, 17) . Cancer cells from most HNPCC patients show a phenotype of replication error (RER + ) or microsatellite instability (MSI + ) with a high frequency of mutations in microsatellite sequences. While it is widely believed that MSI is a marker for defective MMR, a significant portion of patients with MSI + cancers do not have mutations of known MMR genes (13) . In fact, several studies have shown that the most common mechanism causing MSI in sporadic colon cancer is transcriptional silencing of the hMLH1 gene by methylation of the hMLH1 gene promoter (18) (19) (20) (21) . A limited number of studies have also reported changes of expression of MMR genes or MMR activity during cell cycle progression, by growth factor stimulation, or under different growth conditions (22) (23) (24) . While these studies suggest that MMR activity may be regulated, it is not clear what physiological or pathological conditions might result in reduced MMR activity in various types of cells. Furthermore, few studies have addressed the significance of altered MMR activity in carcinogenesis. One roadblock in addressing these issues appears to be the lack of a simple and effective assay to compare and monitor MMR activity in various types of live cells under various physiological and pathological conditions.
In this study, we have devised an assay utilizing the reversion of a modified start codon of the enhanced green fluorescent protein (EGFP) gene to quantitatively measure MMR activity in live cells. This approach has previously been used for measuring other types of DNA repair (25, 26) . Our results indicate that this assay can effectively distinguish MMR À cells from MMR + cells. Also, using this method, we show that ectopic expression of hMHL1 in HCT116 cells significantly elevates MMR activity.
MATERIALS AND METHODS

Modification of an EGFP expression plasmid
Two modifications were introduced to plasmid pEGFP-N1 (Clontech). First, a DNA fragment (230 bp) encompassing the SV40 replication origin was deleted from pEGFP-N1 by digesting the plasmid with StuI and SexAI, purifying the large fragment, filling in the ends with Klenow (New England Biolabs) and circularizing the large fragment with ligase. Second, two restriction enzyme sites, EcoRV and NruI, were engineered around the start codon ATG of EGFP gene using a PCR-based site-directed mutagenesis method (27) . Briefly, two primers, 5
0 -ggtggcgaccgggatatcccgggccc-3 0 and 5 0 -atggtgagcaatcgcgaggagctgttc-3 0 , were designed in such a way that they can anneal to the adjacent positions on opposite strands of pEGFP-N1. The underlined sequences are the introduced restriction sites, EcoRV and NruI, respectively. The PCR reaction contained 20 pmol of both primers, 59 ng pEGFP-N1, 50 nmol dNTPs and 2.5 U cloned Pfu polymerase (Strategene) in 1· cloned pfu buffer. After 20 cycles (94 C for 30 s, 72 C for 13 min), the PCR product was purified by phenol/chloroform extraction and ethanol precipitation, and then dissolved in 20 ml T4 ligase buffer with 400 U of T4 ligase (New England Biolabs). The ligation reaction was incubated at 16 C for 2 h and then heated at 65 C for 20 min to inactivate T4 ligase. DNA was precipitated by ethanol, re-dissolved in 20 ml DpnI buffer and digested with 20 U DpnI (New England Biolabs) for 2 h to destroy the methylated, wild-type DNA template. One microliter of the digestion mixture was used to transform an E.coli strain, JM110, and several transformed clones were expanded. The DNA prepared from these clones was first checked with restriction analyses and then sequenced. We selected one clone with the desired mutations and named it p95-1.
Construction of heteroduplex and homoduplex plasmids
The p95-1 (3 mg) was digested with ApaI (Life Technologies), whose site is within the multiple cloning site of pEGFP-N1, and NruI (New England Biolabs) (Figure 1 ). The larger fragment was purified from an agarose gel with NA45 membrane (Schleicher & Schuell Inc). Purified DNA was equally divided into three aliquots and subjected to three parallel ligations to generate a T-G or G-G mismatched heteroduplex plasmid, a homoduplex plasmid and a negative control. To construct the T-G heteroduplex plasmid, two oligonucleotides, EGFP3-11 (5 0 -cgggatccaccggtcgccaccatggtgagcaatcg-3 0 ) and EGFP3-12 (5 0 -cgattgctcaccgtggtggcgaccggtggatcccgggcc-3 0 ) were phosphorylated by T4 polynucleotide kinase. The phosphorylated oligonucleotides (20 pmol each) were then mixed together in 20 ml T4 ligase buffer, heated at 92 C for 3 min, and allowed to slowly cool down to room temperature, forming a doublestranded oligonucleotide with a T-G mismatch. Of the oligonucleotide mixture, 2 ml was mixed with 1 mg of p95-1 larger fragment, 5 ml ligase buffer, 42 ml H 2 O and 400 U T4 ligase, and incubated at 16 C for 10 min. The reaction was then further diluted by 4-fold with T4 ligase buffer and was kept at 16 C overnight. A G-G heteroduplex plasmid was constructed by replacing the oligonucleotide EGFP3-12 in the T-G mismatch construction with oligonucleotide EGFP3-15 (5 0 -cgattgctcacgatggtggcgaccggtggatcccgggcc-3 0 ). The homoduplex plasmid was constructed in the same way as the heteroduplex plasmid except that the oligonucleotide EGFP3-12 was replaced with oligonucleotide EGFP3-13 (5 0 -cgattgctcaccatggtggcgaccggtggatcccgggcc-3 0 ). For the negative control, the ligation reaction was carried out in the absence of any primer.
After ligation, DNA was precipitated with ethanol. To destroy the residual parental p95-1 plasmid that might not be separated from the p95-1 larger fragment, we subjected the precipitated DNA to EcoRV digestion. Since the linear p95-1 large fragment and the circularized heteroduplex plasmid in the ligation mixture may undergo homologous recombination after being transfected into cells, we also digested the precipitated DNA with the plasmid-safe ATP-dependent DNase (PSAD) from Epicenter. Precipitated DNA from all three ligation reactions was resuspended in 50 ml PSAD buffer containing 20 U PSAD and 5 U EcoRV. After 30 min of digestion at 37 C, the reactions were heated at 80 C for another 30 min to inactivate the enzymes. Before transfection, a small aliquot of the reaction was subjected to electrophoresis in agrose gel to estimate DNA concentration.
Construction of nicked heteroduplex and homoduplex plasmids
The CMV promoter-EGFP gene cassette in pEGFP-N1 was subcloned into pGEM5Z(+) (Promega). This plasmid, pGEM5Z(+)-EGFP, was used to generate single-stranded circular DNA (ssDNA) containing the coding strand of EGFP with a helper phage (New England Biolab) according to the manufacturer's instruction. The ssDNA was annealed to BstXI-linearized pGEM5Z(+)-EGFP in 1.5-fold excess molar ratio to generate a homoduplex plasmid with a nick in the EGFP template strand located 692 bp 3 0 upstream from the start codon. To generate a nicked heteroduplex plasmid with a G-G mismatch, we mutated the start codon in the EGFP template strand from 3 0 TAC to 3 0 TAG. Annealing of the ssDNA containing the coding strand of the wild-type EGFP with BstXI-linearized, mutated pGEM5Z(+)-EGFP produced a G-G mismatch at the start codon of EGFP with a nick located 694 bp 3 0 upstream from the mismatch. After annealing, the mixture was digested with PSAD to degrade linearized DNA and ssDNA.
Cell lines and culture
The HCT116 human colon carcinoma cell line was kindly provided by Dr Michael Brattain and cultured in McCoy's 5A medium supplemented with bovine pancreas insulin, human transferrin, epidermal growth factor, pyruvate, vitamins, amino acids and antibiotics (28) . LoVo, SW480 and HeLa were originally obtained from American Type Culture Collection. These four cell lines were adapted to McCoy's 5A medium supplemented with 10% fetal bovine serum (FBS), pyruvate, vitamins, amino acids and antibiotics (29) . AA8, CHO EM9 and 46BR.1G1 cell lines were also cultured in this medium. HCT116+ch3 and HCT116+ch5 cell lines were kindly provided by Dr Minoru Koi. HCT116+ch3 was cultured in DMEM medium supplemented with 10% FBS and 325 mg/ml active G418 (Life Technologies). HCT116+ch5 was cultured in DMEM supplemented with 10% fetal calf serum and 6 mg/ml Blasticidin S (Calbiochem). Working cultures were maintained at 37 C in a humidified atmosphere of 5% CO 2 and routinely checked for mycoplasma contamination.
Transfection
Lipofectamine and lipofectamine PLUS reagents (Life Technologies) were used to transfect DNA into cultured cells. Cells were plated on 60 mm dishes at densities ranging from 0.4 · 10 6 to 1 · 10 6 cells/dish depending on the cell type. Transfections were performed the following day according to the protocols from the manufacturer. In some experiments, a red fluorescent protein (RFP) expression plasmid (1 mg), pDsRed1-N1 (Clontech), was co-transfected with the homoduplex or heteroduplex EGFP plasmid (0.75 mg) to ascertain that the transfection efficiency of the two kinds of EGFP plasmid was similar. The cells were trypsinized 24 h after transfection, and resuspended in PBS at a concentration of 0.5 · 10 6 cells/ml. In our preliminary experiments, 24 h incubation yielded higher relative EGFP expression in HeLa cells than a shorter incubation period such as 8, 12 or 16 h. The number of green cells and the intensity of the fluorescence were then determined by flow cytometry.
Flow cytometry
From each transfection, 30 000 cells were counted and their green fluorescence intensity at 530 -30 nm wavelength was measured using FACSCalibur (Becton Dickinson). The laser is a 15 mW, 488 nm, air-cooled argon-ion laser. The marker to identify positive cells was set in such a way that 0.2% cells transfected with the negative control DNA were considered as positive.
Calculation of relative EGFP expression and statistical analyses
MMR efficiency in each cell line was measured with relative EGFP expression. It was calculated according to the formula,
where M, N and C are the percentages of green cells for heteroduplex, negative control and homoduplex transfection, respectively. I M , I N and I C are the mean fluorescence intensities of positive cells for M, N and C, respectively. NÁI N was omitted in the calculation when it is negligible. When the red fluorescent protein expression plasmid was co-transfected with the heteroduplex or homoduplex plasmid, the percentage of red cells was used in the calculation to normalize transfection efficiency. Since the same amount of heteroduplex or homoduplex plasmid is transfected into each cell line, the maximal value of relative EGFP expression should be 100%. When comparing relative EGFP expression between two groups, we used one-tailed student t-test. When comparing multiple groups, we used ANOVA and Newman-Keuls test (30) .
Western blot
Cells recovered from the flow cytometer were rinsed twice with ice-cold PBS and lysed in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.02% sodium azide, 100 mg/ml phenylmethylsulfonyl fluoride and 1% Nonidet P-40. Equal amounts of proteins (50 mg of each extract) were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Amersham Corp.). Membranes were blocked in TBST [100 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.05% Tween-20] containing 5% nonfat powder milk, and then incubated with mouse monoclonal anti-hMLH1 antibody (Oncogene Science) at a final concentration of 1.0 mg/ml. After three washes with TBST, the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at 1:1000 dilution (New England Biolabs) and washed again. Antigen-antibody complexes were detected by chemiluminescence according to the manufacturer's instructions (New England Biolabs). Following the same procedure, living colors DsRed monoclonal antibody (Clontech) was used to detect the red fluorescent protein, whereas living colors A.v. peptide antibody-HRP conjugate (Clontech) was used to detect green fluorescent protein.
RESULTS
Description of the method
The method used to measure DNA mismatch repair activity in vivo is shown schematically in Figure 1 . In comparison with the parental plasmid pEGFP-N1, p95-1 does not have an SV40 replication origin, preventing its replication in cells expressing SV40 large T antigen. Moreover, it has two more restriction enzyme sites, EcoRV and NruI, flanking the start codon of EGFP. After digestion with ApaI and NruI, the larger fragment (gapped plasmid) was isolated by gel purification. The gapped plasmid was then incubated in three parallel ligation reactions. In the first reaction, the gapped plasmid was ligated to a heteroduplex oligonucleotide that is identical to the small ApaI/NruI DNA fragment except that it has a T-G mismatch and no EcoRV site. In the second reaction, the gapped plasmid was ligated to a homoduplex oligonucleotide that has no EcoRV site. No oligonucleotide was added to the third reaction. The ligation mixtures were then subjected to digestion by EcoRV and PSAD DNase. EcoRV linearized any residual parental plasmid p95-1. PSAD DNase was used to digest linear DNA molecules so that the possibility of homologous recombination after transfection between the gapped plasmid and the ligated, heteroduplex circular plasmid to generate wild-type EGFP sequence was eliminated.
To confirm the formation of circular homoduplex and heteroduplex plasmids, the ligation products were digested with NcoI restriction endonuclease. There are three NcoI restriction sites throughout p95-1, one of which encompasses the start codon of EGFP. After NcoI digestion and agarose gel electrophoresis, the homoduplex plasmid should yield 3 bands of 2285 bp, 1904 and 317 bp, while the heteroduplex plasmid should only yield 2 bands of 2602 bp and 1904 bp because NcoI cannot recognize and cut the mismatched site at the start codon. As shown in Figure 2A , NcoI digested the homoduplex plasmid into two larger fragments (2.3 and 1.9 kb), which were visible, and one smaller fragment (317 bp), which was not visible after photography. On the other hand, NcoI digestion of the ligation product of the gapped plasmid and the mismatched oligonucleotide only generated two fragments of 2.6 and 1.9 kb confirming the formation of the heteroduplex plasmid.
To compare DNA MMR activity measured with a circular heteroduplex plasmid versus a nicked, circular heteroduplex plasmid, we also constructed nicked, circular homoduplex and heteroduplex plasmids as described in the Materials and Methods. Similar to the intact, circular plasmids, digestion of the nicked, circular homoduplex plasmid with NcoI generated three expected fragments, 3.3, 1.0 and 317 bp, whereas digestion of the nicked, circular heteroduplex plasmid only generated two fragments, 3.3 and 1.3 kb ( Figure 2B ). 
MMR
+ cell lines showed significantly higher relative EGFP expression than MMR À cell lines
To determine whether the heteroduplex plasmid can be used to measure DNA MMR efficiency, we compared relative EGFP expression in two MMR deficient cell lines HCT116 and LoVo, and two MMR proficient cell lines HeLa and SW480. HCT116 cells harbor a nonsense mutation in exon 9 in hMLH1 gene (31) (32) (33) . LoVo does not express hMSH2 protein (7, 34) . Nicked or un-nicked homoduplex or heteroduplex EGFP plasmid was co-transfected with RFP plasmid into the cells. Green and red fluorescent images of the transfected cells were taken before the cells were lifted and analyzed with flow cytometry. As shown in Figure 3A , Figure 3B are presented in Table 1 for the calculation of relative EGFP expression. Repeated and independent analyses with flow cytometry showed that the relative EGFP expression of the two MMR + cell lines, HeLa and SW480, was significantly (P < 0.001) higher than that of the two MMR À cell lines, HCT116 and LoVo ( Figure 4A ). To confirm that the lower number of green cells and reduced intensity of green fluorescence in MMR-cells was due to lower expression levels of EGFP, we quantified EGFP and RFP protein levels in HCT116 and HeLa cells that were transfected with nicked homoduplex or heteroduplex EGFP plasmid by western blotting. The EGFP level in the heteroduplex plasmid-transfected HCT116 cells was noticeably lower than that in the homoduplex plasmid-transfected HCT116 cells ( Figure 4B ). In contrast, the EGFP expression levels in the homoduplex and heteroduplex plasmid-transfected HeLa cells were very similar. Density analysis of the EGFP bands indicated that the EGFP expression from the heteroduplex plasmid was about a quarter of that from the homoduplex plasmid in HCT116 cells ( Figure 4C ). 
Relative EGFP expression from a nicked heteroduplex was similar to that from an un-nicked heteroduplex in live cells
Since a single-strand nick was shown to be necessary for strand-specific repair of a mismatched base pair in nuclear extracts of human cells in vitro (35), we tested whether this is also the case in live cells. A homoduplex or heteroduplex EGFP plasmid with a single-strand nick was constructed such that the nick was placed in the template strand of EGFP. Preferential repair of the G-G mismatch in the template strand will result in the correct expression of EGFP and should consequently increase the relative EGFP expression. However, the presence of the nick had no significant effect on relative EGFP expression in MMR-proficient HeLa and SW480 cells, and MMR-deficient HCT116 cells ( Figure 4A ). It is possible that the nicked plasmid is efficiently ligated prior to the action of the MMR enzymes. To test this hypothesis, we measured relative EGFP expression in cell lines with reduced levels of either DNA ligase I (46BR.1G1 cell) or DNA ligase IIIa (CHO EM9 cells) activity. As shown in Figure 5 , the relative EGFP expression was significantly higher in the CHO EM9 cells that have reduced levels of DNA ligase IIIa protein and activity (36) . This suggests that the transfected nicked plasmid DNA is efficiently ligated by DNA ligase IIIa.
The advantage of using the un-nicked circular heteroduplex plasmid DNA is that various kinds of mismatched heteroduplex oligonucleotides can be ligated into the gapped plasmid (see Figure 1) for MMR studies. To extend the results obtained with the G-G mismatched heteroduplex, we also measured relative EGFP expression from a T-G mismatch in an unnicked circular plasmid in the four cell lines. The overall MMR efficiency of the T-G mismatch was lower than that of the G-G mismatch for all of the four cell lines (compare Figure 6A with Figure 4A ). However, the ratios of relative EGFP expression on either G-G or T-G mismatch between MMR À cells and MMR + cells remained basically the same. The mean ratios of HCT116's MMR efficiency to HeLa cells' MMR efficiency on G-G and T-G are 34.7 and 39.7%, respectively. Therefore, T-G and G-G mismatches can both be used to differentiate MMR + and MMR À cells.
Complementation of MMR genes significantly elevated MMR activity in MMR À cells
HCT116 does not express functional hMLH1 protein and therefore has an impaired MMR system. Previous studies have shown that transfer of chromosome 3, which carries a copy of the normal hMLH1 gene, into HCT116 cells restores MMR activity to cell extracts (37) . This effect is chromosome specific, since transfer of chromosome 2 or 5 did not elevate MMR activity in cell extracts. To confirm that MMR complementation can also be observed in vivo, we tested our method using HCT116+ch3 and HCT116+ch5 cells. As expected, the relative EGFP expression of HCT116+ch5 cells was similar to that of HCT116 cells ( Figure 6B ). In contrast, HCT116+ch3 had a significantly higher (P < 0.01) relative EGFP expression, which was similar to those of HeLa and SW480 cells as shown in Figure 6A . Thus, the presence of chromosome 3, but not chromosome 5, significantly elevates in vivo MMR activity in HCT116 cells.
Complementation of the MMR defect in HCT116 cells by the hMLH1 gene or cDNA alone has not been demonstrated because healthy HCT116 clones were not produced (38) . To examine whether the expression of hMLH1 alone is sufficient to increase MMR activity in HCT116 cells, we transiently cotransfected HCT116 cells with an hMLH1 cDNA expression plasmid and either the homoduplex or G-G heteroduplex plasmid. Expression of hMLH1 protein was detected by western blotting 48 h after transfection ( Figure 7A ). Even though the transfection efficiency was <10%, we were able to detect a significant (P < 0.02) increase of MMR activity as reflected with an increase of relative EGFP expression in the hMLH1-transfected cells when compared with the MMR efficiency of the cells transfected with an empty vector, pRC/CMV ( Figure  7B ). Transfection of the hMLH1 expression plasmid into SW480 cells had no effect on the relative EGFP expression. These results indicate that our method can detect restored MMR activity by the expression of hMLH1 protein in HCT116 cells.
DISCUSSION
The methods that are currently used to measure MMR activity can basically be grouped into two categories. The first one is an in vitro method using cell-free extracts (35, 39) . Nuclear or cytoplasmic extracts from various cells are incubated with mismatched DNA substrates, such as mismatched M13mp2 phage DNA, and MMR activity is measured either directly by endonuclease restriction analyses and/or DNA sequencing or indirectly by further transforming MMR À bacteria with the a EGFP expression from homoduplex or heteroduplex plasmid transfection was calculated using the following equation.
repaired phage DNA mixture. The need for a relatively large number of cells for the preparation of the cell-free extract makes this type of assay expensive. Furthermore, it cannot be utilized to measure the dynamics of MMR activity in live cells in response to the changes in the intracellular and/or extracellular environment. For the second category, mismatched or heteroduplex DNA, including both plasmid and viral DNA, is introduced into cells and then later retrieved for analysis (40) (41) (42) (43) . In this case, the retrieval process is usually laborious and tedious. The method we describe here can effectively differentiate MMR + cells from MMR À cells and is relatively fast and inexpensive. More importantly, it can be used to monitor the regulation of MMR activity in live cells.
In our equation for the calculation of the relative EGFP expression, we incorporated the mean intensity of green fluorescence. This is because multiple copies of the heteroduplex plasmid might be transfected into a single cell and because the MMR À cells transfected with the heteroduplex plasmid consistently displayed a small number of green cells with low fluorescence intensity (Table 1) . We assumed that an MMR + cell should correct more mismatched copies of the heteroduplex plasmid than an MMR À cell if they are transfected with multiple copies of the heteroduplex plasmid. We also assumed that fluorescence intensity is proportional to the copy number of the corrected EGFP gene. Therefore, by using an intensity-weighted formula, the calculated MMR efficiency reflects the percentage of correctly repaired heteroduplex DNA copies instead of the percentage of cells that correctly repaired the heteroduplex DNA.
Theoretically, the MMR efficiency of MMR À cells should be around zero. However, our study as well as previous studies using in vitro assays for MMR À cells (34, 44) or embryo fibroblasts from MMR gene knockout mouse (45) have detected a significant residual MMR activity. With our method, one contributing factor was that some EGFP expression was independent of the start codon. When a modified EGFP expression plasmid with a fixed mutation at its start codon was transfected into HeLa and HCT116 cells, a small number of green cells with low intensity were observed. After flow cytometry Figure 5 . DNA ligase IIIa deficient cell line, CHO EM9, showed higher relative EGFP expression. Nicked homo-and heteroduplex plasmids were transfected into the cell lines depicted in the figure. CHO EM 9 was derived from the parental cell AA8, which is ligase IIIa-proficient. Relative EGFP expression was presented as mean -SEM from three independent experiments. The asterisk indicates significant difference (P < 0.05) from other mean values with student t tests.
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analysis, we found that the AUG-independent expression accounted for 5% of the calculated relative EGFP expression. As such, $25-50% of MMR activity measured with our method in HCT116 cells was apparently due to AUG-independent expression of the EGFP because the relative EGFP expression in HCT116 cell is $10-20% as shown in the figures. Another possibility for the residual MMR activity may be due to other cellular DNA repair mechanisms such as base excision repair, nucleotide excision repair or even an unknown repair system (46,47). However, it is likely that these other repair mechanisms are less effective than the MMR system. In support of this idea, when a heteroduplex DNA was incubated with cell extract for a short duration of 15 min, the repair efficiency of cell extract from MMR-proficient cells was found to be 10-fold or greater than that of cell extract from MMR-deficient cells (34, 48) . In the current study, the transfected heteroduplex was inside the cell for $24 h to allow for the repair of the mismatch and subsequent expression of EGFP. While this relatively long period of time was optimal for maximal repair and expression of EGFP in the MMR-proficient cells, an
Relative EGFP Expression Figure 7 . Ectopic expression of hMLH1 increased MMR efficiency in HCT116 cells. (A) Detection of hMLH1 protein with western blotting. HCT116 and SW480 were co-transfected with 1 mg pCMV-MLH1 or 0.6 mg pRC/CMV (control) and the homo-or heteroduplex (with a G-G mismatch) plasmid. Forty-eight hours later, the transfected cells were lifted and analyzed with flow cytometry. Cells recovered from the flow cytometer, along with HCT116+ch3 and SW480 cells, were lysed. Proteins were extracted, separated on 8% SDS-PAGE, and immunoblotted by a hMLH1 antibody. (B) Effect of hMLH1 transfection on G-G MMR in HCT116 and SW480 cells. Relative EGFP expression was calculated after flow cytometry analysis as described in the Materials and Methods. According to student t-test, HCT116 transfected with hMLH1 expression plasmid has a significant higher (P < 0.02) MMR efficiency (0.43 -0.05) than HCT116 transfected with pRC/CMV (0.26 -0.05). Each column represents mean -SEM of three independent measurements. appreciable amount of the heteroduplex was apparently also being repaired by systems other than MMR during this time period in the MMR-deficient cells. Altogether, both AUGindependent GFP expression and alternative repair systems could account for the limited difference of MMR efficiency (3-fold) between MMR-proficient and MMR-deficient cells.
A key feature of the MMR system is that repair is directed to the newly synthesized strand (1). In the repair assay with cell extracts, a nick can act as the strand-discrimination signal (35) . Unexpectedly, nicked and intact plasmid DNAs were repaired with equal efficiency in our in vivo assay. One possible explanation for this observation is that the transfected nicked plasmid is rapidly ligated and the resultant intact circular plasmid subsequently acted upon by the MMR pathway. In support of this model, in vivo MMR was more efficient in the DNA ligase III-deficient Chinese hamster ovary cell line, EM9. The observation that DNA ligase III-but not DNA ligase I-deficiency increases in vivo MMR efficiency is consistent with a study showing that DNA ligase III is the predominant DNA nickjoining ligase in proliferating mammalian cells (49) .
For the G-G mismatch, we obtained relative EGFP expression of 65 and 70% for HeLa and SW480 cells, respectively. However, it decreased to 48 and 47% for HeLa and SW480, respectively, when they were transfected with the T-G heteroduplex. Since previous studies have shown that both G-G and T-G mismatches are optimal substrates for the MMR system (23, 35, 50) , it is not likely that the repair of T-G mismatch was less efficient than the repair of G-G mismatch in these two cell lines. The difference may be explained by the fact that the T-G mismatch can be repaired by both MMR and a DNA glycosylase-initiated repair system (50). When we constructed the T-G mismatch, we deliberately engineered the G in the antisense (template) strand. Since the T-G DNA glycosylase always converts T-G to C-G, its repair of the T-G mismatch would create a fixed mutation in the EGFP gene that prevents expression. We suspect that the T-G glycosylase competes with the MMR system for the T-G substrates, leaving the MMR system with fewer substrates to act upon than in the case of G-G mismatch. Thus, while both the T-G and G-G mismatched substrates can be used to distinguish MMR + from MMR À cells, the calculated relative EGFP expression from G-G mismatch may be a more reliable indicator of the MMR activity in live cells.
The low MMR activity in the hMLH1-deficient cell line HCT116 was complemented after introduction of a normal human chromosome 3, which carries the hMLH1 gene (37) . Our in vivo MMR assay reiterated this result. However, it has not been unequivocally demonstrated that the correction of the MMR defect in HCT116 cells is due to the expression of hMLH1 alone or hMLH1 plus additional genes on the chromosome 3. Investigators have attempted to transfect and reexpress hMLH1 cDNA to complement the MMR deficiency. In one study, stable expression of hMLH1 protein in Mlh1-deficient mouse embryonic fibroblasts was shown to complement DNA mismatch repair defects (51) . However, when transfecting hMLH1 or hMSH2 into MMR À human cell lines, investigators have difficulties in obtaining stably transfected clones. This is apparently due to the fact that overexpression of hMSH2 or hMLH1 can induce apoptosis in both MMR + and MMR À cells (52) , and overexpression of hMLH1 can also suppress cell growth (38) . Since MMR activity is scored in individual, live cells within a relatively short period of time using our method, we reasoned that we should be able to detect the effect of transiently expressed hMLH1 on MMR efficiency. Indeed, the MMR efficiency was significantly elevated 48 h after transient co-transfection of hMLH1 expression plasmid with the heteroduplex plasmid into HCT116 cells. Thus, our method can detect the restoration of MMR activity in the MMR-deficient cell.
Since the method we describe here can quantitatively measure MMR activity in a live single cell, it offers two potential utilities. First, it can be used to monitor changes of MMR activity in live cells as they are subjected to varying growth conditions. Hence, it should aid the study of whether and how MMR activity is regulated under different physiological and/ or pathological conditions. Second, it may be used clinically for the diagnosis of MMR status in tumor cells. It appears highly feasible that a small number of tumor cells from a primary culture can be microinjected or transfected with the homoduplex or heteroduplex plasmid and the MMR activity in each injected/transfected cell be scored by quantitative fluorescence microscopy. We are currently exploring these possibilities.
